Abstract-A hybrid photo-detector (HPD) consisting of a photocathode and a multi-pixel avalanche diode (MP-AD) has been developed for these years. One of the features of the HPD is a good energy resolution, and it was shown in our previous study that the further improvement would be possible by reducing the fluctuation of charge loss in the dead layer at the entrance of the MP-AD. In this paper, we report on the result of the improvement with the newly developed HPD whose MP-AD encapsulated has a thinner dead layer than before. It is demonstrated that the new HPD has a much better energy resolution which enables the clear counting up to nine photoelectrons. Other features like a uniformity among the pixels or a photocathode sensitivity of the HPD are also presented.
Operation in a magnetic field up to 1.5 T was confirmed as well.
In those studies [7] , one of the important suggestions is that the dead layer at the entrance of the MP-AD plays a crucial role for the energy resolution. After several attempts to improve it further, it was found that thickness of the dead layer is the key issue. The fluctuation of energy deposition there is significantly reduced and, therefore, the energy resolution can be improved drastically when the layer is made thinner. A thinner dead layer, thus, improves the resolution drastically. We confirmed it with observation by comparing a newly developed MP-AD (new MP-AD) having a thinner dead layer with one (old MP-AD) developed in the previous study.
II. STRUCTURE OF DEVELOPED HPD
A schematic drawing of the tested HPD is shown in Fig. 1 . The primary components of the HPD are a photocathode and an MP-AD. The multi-alkali photocathode is formed on the vacuum side of the input window. The MP-AD is assembled on the ceramic stem facing the photocathode with a small distance of 2.5 mm to minimize the effect of any external magnetic fields. This proximity focusing structure is essential for vacuum tubes to be used in a high magnetic field. Output pins come out on the atmospheric side of the stem to apply a bias voltage to the MP-AD, or to extract signals from it. A photograph of the tube is shown in Fig. 2 .
The MP-AD has a reach-through structure for electrons to be irradiated from the backside, as shown in Fig. 3 . The p+ layer is formed on a Si substrate, where the density of p type impurity, boron, is high enough to make an ohmic contact. An 8 × 8 array of independent pn junctions, each of which forms a pixel, are fabricated on the opposite surface of the p+ layer. With careful adjustment of the impurity density of the p layer, the electric field around the pn junction is high enough for electrons to multiply by the avalanche process. The size of one pixel is 2 mm× 2 mm, and the total area is 16 mm× 16 mm. A merit of the reach-through structure with back irradiation is that the p+ layer at the entrance of electrons can be thinned easily, because it is located at the opposite surface of the pn junctions, which rule the delicate avalanche multiplication.
In response to incident photons, electrons emitted from the photocathode are accelerated and irradiated to the MP-AD.
Development of a multi-pixel hybrid photodetector with high quantum efficiency and gain Each electron deposits its kinetic energy there and generates thousands of electron-hole pairs in the MP-AD. This is called the electron-bombarded gain. The generated electrons are drifted by the electric field toward individual pn junctions, where each electron induces the avalanche multiplication and is then read out though the output pins. The previous study [7] suggests that p+ layer at the entrance forms a dead layer and deposited energy there doesn't contribute to the electron-bombarded gain. It is thus affected by the thickness of the dead layer. A fluctuation of deposited energy in the dead layer determines the energy resolution as well. Obviously, a thinner dead layer is preferable, in terms of high gain and good energy resolution. In this study, a thinner dead layer than before is realized by a low energy ion implantation technique.
III. TEST RESULTS

A. Electron-bombarded gain
The electron-bombarded gain was evaluated as a ratio of the output current from the MP-AD to the photocurrent from the photocathode at the avalanche gain of unity. The electronbombarded gains of HPDs with the new MP-AD (black circles) and the old one (open triangles) are shown in Fig. 4 , as a function of photocathode voltage. The electron-bombarded gain is improved from 1600 of the old MP-AD to 2100 of the new type at a photocathode voltage of -9kV.
The electron-bombarded gain was fitted with the expectation by the simulation code, PENELOPE [8] , which can simulate transportation of low energy electrons and photons. By varying the thickness of the dead layer in the simulation, we found that a thickness of 80 nm gives the best fit for the new MP-AD, whereas 210 nm for the old one, as shown in and dotted lines, respectively. The disagreement of the old type at the low voltage region can be thought as a result of the simple assumption, where any electrons generated in the dead layer would never reach the avalanche region. The agreement is better for the new one since the assumption can be a good approximation in the thinner dead layer. Fig. 5 shows avalanche gains of the new MP-AD (solid line) and the old one (dotted line) measured with incident of photoelectrons at the photocathode voltage of -8kV. AD gains are almost the same within the expected deviation of the impurity density of the p layer facing the n+ layer. A small variation of the impurity density of p layer makes change on the electric field in the avalanche region, and affects avalanche gain. The maximum reachable avalanche gains of these MPADs are limited by a withstanding voltage of the worst pixel. Without a bad pixel, the avalanche gain reaches 100, as shown in [7] Leakage currents of the new MP-AD and the old one as a function of the bias voltage were measured, as shown in Fig. 6 . The rapid increase of leakage current for the new MP-AD around 200V is caused by a bad pixel, since the leakage currents are measured by summing all the pixels. Even below the breakdown point, the leakage current of the new MP-AD is one order magnitude higher than that of the old one. One of the possible reasons is that the thinner p+ layer than before may not be sufficient to prevent thermal generation current due to surface states from flowing to the avalanche region. There is still another possibility of the process conditions not being well optimized. Further optimization of the process is in progress.
B. Avalanche gain and leakage current of MP-AD
C. Pulse height spectrum for multi-photons
The pulse height spectra for multi-photons were measured with the HPDs. A pulsed LED of 470 nm was used for a light source, and a charge-sensitive amplifier and a linear amplifier of the shaping time of 0.5µs was used to readout signal from one pixel. The other pixels are connected to the ground. Both HPDs with the new MP-AD and the old one were operated with the same total gain of approximately 4.5 × 10 4 at a photocathode voltage of -9 kV.
The results are shown in Fig. 7 , where black line represents the data with the new MP-AD, and gray line with the old one. The pulse height spectrum is improved drastically with the HPD encapsulating the new MP-AD with the thin dead layer. This improvement clearly proves our conjecture on the energy resolution of the HPD.
D. Other features of the HPD 1) Uniformity
The output current from each pixel of the HPD with the new MP-AD was measured by scanning a light spot on the center of each pixel, where the diameter of the spot was 1mm and wavelength was 500 nm. The voltages on the photocathode and the MP-AD were -8 kV and 250V, respectively, to have a total gain of 4.5 × 10 4 . The relative output from each pixel is shown in Fig. 8 . The standard deviation among them is 6.0%, when it is normalized to the average output signal. This uniformity is better than that of 30% reported for a multi-anode PMT commercially available on the market [3] . Sources of this non-uniformity are the photocathode sensitivity, the electron bombarded gain and the avalanche gain. The standard deviations of these factors are estimated to be 2.4%, 1.7% and 4.8%, respectively. It is revealed that the main factor contributed to the non-uniformity is the avalanche gain.
2) Photocathode sensitivity Some attempts have been made to adapt a photocathode with a higher sensitivity made of GaAsP crystal to the HPD. Since a mean free path of electrons in crystal is long, the photocathode can be thick to absorb photons without major loss of excited electrons diffusing to the vacuum side. The negative electron affinity of the GaAsP photocathode leads to high emission probability from the crystal to vacuum. The GaAsP photocathode, thus, can achieve high sensitivity for photons.
The champion data of quantum efficiencies (QE) of the tested tubes (solid line) is shown in Fig. 9 , accompanying a QE of multi-alkali photocathode (dotted line) for reference. This demonstrates that the potential of a GaAsP photocathode is the QE of 60%. The prototype HPD with the same type of photocathode shows maximum QE of 32%. Optimization of photocathode process to the HPD is in progress.
IV. SUMMARY
A new HPD, which encapsulates the multi-pixel avalanche diode with the thin dead layer at the entrance, has been developed. Thanks to the thin dead layer on the avalanche diode, the energy resolution is drastically improved enough to identify up to nine photoelectrons clearly. It is also demonstrated that high quantum efficiency up to 60% HPD can be made with a highly sensitive GaAsP photocathode. 
